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ABSTRACT

Pure degassed chloroform was irradiated by the intense radiztion puIse

from a nuclear explosion, with the dose ‘estimated”to be in the’range

of 10s to 106 rads. Good agreement among the organic product yields was

obtained for samples exposed in three nuclear tests. In contrast to published

results at lower doses/pulse, CC14 is the most ab~ndant prodact. It is pro-

posei Illatpart of the increased CClq yield results from radical recombinatio,l

reactions involving CC13 radicals and Cl atoms. Evidence is presented suggesting

that the recombination of CHC12 and Cl radicals is also occurring. After in-

eluding the two radical recombination reactions and a contribution from inter-

action with neutrons in the pulse, the yields are consistent with the free

radical mechanism of the decomposition developed at low dose rates. This con-

sistency is substantiated by the reasonable agreement between the observed

yields and thO~e calculated from the ~echanism.
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INTRODUCTION

The effect of dose rate on product yields in the radi.olysis of chloroform

has been studied extensively‘2-4). The investigations showed that as the

dose rate increases, the 100-eV yields decrease for CH2C1Z and C2C16, increase

for sym-CzHzC14 and CZHCIS, and are unchanged for C2C14 and CC14. The varia-

tions are consistent with the fact that high dose rates favor occurrence of

radical recombination reactions at the expense of radical solvent rsactions(s).

Calculations of the effect of dose rate on the product yields in chloroform

have substci.ti.ated that in the range of dose rates from 1.3 x 101s (2) to

1.7 x 1017 eV/g-sec‘3), the variations result from a competition for CHC12

radicals between the

geneously throughout

formed by radiolysis

rates of a factor of

solvent(3), although

reactions, as compared to 30% at 1.3 x 1013 eV/g-see(2). The instantaneous

radical concentrations necessary to initiate a competing process for Cl atoms

were not attained at the higher dose rates beca~se of the low dosel’pulse

available with pulsed X-rays‘3) (1.9 x 103 rads) and the high reactivity of Cl
...

atoms to chloroform.

soltientand the organic free radicals distributed homo-

the solution. All the inorganic radicals (Cl atoms)

of chloroform react with the solvent(2>6). Even at dose

~07’}Iigher, all the c1 atoms still react with the

95% of the organic radicals undergo radical recombination

-3-
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I This article describes the radiolysis of chloroform by the intense radiation

.
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pulse from a nuclear explosion. The estimated dose/pulse was approximately 200

times larger than in the experiments with pulsed X-rays. The pulse from a

nuclear explosion is the largest dose/pulse achieved for electromagnetic radiation

and is as large as the dose/puIse deposited by electron accelerators(7). Evidence

was obtained for the competition for Cl atoms between radiccl recombination and

radical solvent reactions. The results are similar to those briefly reported
.

ea?lier(’) except that in the present study it is established that CC14 is one of

the more abundant prod~~cts.

EXPERIMENTAL

Details of the purification of the chloroform, the preparation of samples,

and tk.earlalysisof the radi.olytic products have been de~cribed(3). The only

impurity in the chloroforo~was 1, 2-CZH4CIZ at 110-3 mole %. The samples

(approx~.mately1 ml) were sealed in ,,pyrexII*~ube~ (S mM outside diameter by

cm long),which !reresealed in wax and enclosed in steel secondary containers

(2,5 to S.O cm outside diameter by 20.0 cm long) to protect the samples from

5

:Iechanicalshock, Samples were irradiated in conjunction with underground nuclear
.

tests at the u. s. Atomic Energy Commission test site in Nevada. The sample

cylinderwas po~iti~ned so that the prompt radiation from the

:fi.rough its length. The distance

large enough to assure that there

tX~iosi~n.

~

from the sample cylinder to

was no effect from the heat

‘e;~stcred trademark of Corning Glass CO.

-4-
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The yields of all the organic products resulting from the irradiation

of several samples in three different nuclear tests are presented in Table 1.

I Because the dose received by the samples from the nuclear tests was not de-

termined independently, all the results were normalized to the same amount of

chloroform decomposed, i.e., assuming G(-CHC1:) = 10.0. The relative yield

was calculated from the expression

R(Pi) = 10 [Pi]/Zini[Pi]

where,

R(pi) = the relative yield of the ith product

[Pi] . its observed molar concentration

ni = the number of carbon atoms that it contair,s

The total amount of decomposition induced i,leach sample was 0.01 to 0.03

mole %, suggesting doses on the order of 105 to 106 rads. This value appears

reason~.bleconsidering published data for possible doses from fusion and fission

devices’(g). The time width of the major radiation pulse was probably in the range

of 10-s (lo) to 11,)-7(11) sec. “After irradiation, radioactivity was induced in the

samples by the neutrons in the pulse. The fraction of radioIytic decomposition du:’

to the induced’activity was Ss,timatedto be less than 4% of the total decomposition.

The only long-lived activity was 22Na (half-life = 2.6 yr), produced by an

[n, 2n) reaction with 23Na in the glass.

,/’”

/
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The dose from the neutrons was estimated by assuming that the neutron

flux was on tileorder of 101q neutrons/cm2, a value comparable with published

values(12). From the compilation by Ritts, So]omito, and Stevens(]3) of the

coefficients for the dose absorbed by

neutron beam, coefficients for energy

For neutrons from the fission of 23‘U

various elements from a monoenergetic

absorption by chloroform were calculated.

(neutrons of average energy ml.6 MeV (14,),

the coefficient is O.30 ergs/g per 107 neutrons. For neutrons from the fusion

process (2.5 MeV or 14 MeV) , values up to four times as”large are calculated.

From these considerations, it appears that the dose due to neutrons wi11 be

greater than 3 x 10* rads and consequently may form a significant fraction

(>10%)’of the total dose.

DIsCUSSIO!i

The mechanism for the gamma radiolysis of chloroform has k:?n developed

from the effects of temperature(2,6,, dose rate(2,3,, and the presence

and Brz as radical scavengers(6) on product yields. The most abundant

radical intermediates formed by ionization, charge ne”tralizatj.on, and

excitation p:ocesses in chloroform are CHCIZ and Cl radicals. Each of

of C12

free

neutral

the

free radical intermediates

produce the other abundant

can abstract H atoms .frcn the parent compound to

reactive intermediate, CCIS radicals.

(1) C1 + CHC13 -b Hcl + Cclq

(2) CHCIZ + CHC13 + CH2C12 + CC13

me chloroethane products are then fOrmed by radical recombination reacti~n:.
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(4) CHCIZ + CC13..+ CZHC15

(5) 2CC13 + C2C16

Fcr the formation of C2Cl~, Reactions 6 and 7 have been p~Jposed(6).

/’
[6) CC12 + C:lCIS + C2HC15*
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For formation of CCl+, a charge neutralization reaction involving a scavengeab;e

positive ion has been proposed(l‘j

The results of the pulsed irradiations in the nuclear tests are consistent

. .wit!,the above mechanism after inclusion of reactions capable of competing !Jitb

Reaction 1 for Cl atoms. When the r;sylts of nuclear tests are compared with

‘3) (Table I), a relatively large increasethose obtained with the pulsed X-rays

in R(CCl~) is observed which suggests the occurrence of

CC]4 in addition to the charge neutralization reaction.

(8) c1 + CC13 + Cc Ill

a reaction to produce

Reaction 8 is proposet.

I
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Reactions 9 and 10 may also occur.

(9) Cl + CHC12 +

(lo) Cl+cl +

CHC13

C12

The net effect of these three reactiOns is tO increase R(CC14) significantly.

Not only is CC14 one of the prod~}ctsof this set of reactions, but also their

occurrence lowers the induced decomposition of the chloroform by lowering the

contribution of Reaction 1. Decreasing the induced decomposition of CHC1! ~?~uld

cause the relative yields of all the products to increase; however, values for

R(CHG15) and R(CZCIG) decrease because of the lower efficiency fOr CC13 pro-

duction by Reaction 1. The values for R(CZCIIt)increase as expected if they

were affected only by the loweri~g of the decomposition of the CHC13 ana not

by any increase in the efficiency for the production of C2C14.

Be~ause all the organic products have been nleasured,the relative amOunts

of H and Cl atoms appearing as inorsanic products can be calculated from the

following equations based on mass balance

R (H)inorg = 2R(C2C14) + R(CC14) +

considerations.
..

R(CHC15) + ZR(CZC16) - R(CH2C12)

‘R(Cl)inorg = 2R(CZClIi)- R(CC1+) + R(c2Hc15) + 2R(c2H2c14) + “R(CHzCIZ~

-8-
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The results of these calculations for the data in Table I and also for data

I 60Co irradiations(2$3, are show,,,in Table II. For all the experi-obtained in

ments other than the nuclear tests, the two values are equal within experimental

error, consistent with HC1 being the only inorganic product formed with a

significant yield. In the results with the nuclear tests there is an excess of

H atoms in the inorganic products. Assuming R(Cl)inorg equals R(HC1) for the

nuclear tests, the decrease from t!levalue obtained using the pulsed X-rays is

consistent with a decrease in the yield from Reaction 1 [as is the decrease in

R(C2HC15) and R(C2C1G)].

Because the 100-eV yieli of CZC1+ is independent of dose rates up to a dose

rate of approximately 6.4 x 102” eV/g-sec (1.9 x 103 rads/pulse)‘3), and also

bec?use there are no obvious additional reactions to produce C2C14 in the nuclear

tests, the concentration of this product was used as a measure of the dose ~eceived

by the samples. For G(C2C14), a value of 0.081 molecule/100-eV was used, the

average of the results from References (2), (3) and (6) at room temperature (w25”C}

Results of this calculation for the nuclear tests appear in Table II. Earlie~

results using a nuclear explosion
(8) and the 100-eV yields from othe? studies

(?.,?]

are also presented. The 100-eV ;.rieldsfor the nuclear tests appear reasonab~e ~:-,

comparison to those obtained with the pulsed X-ray generator
(3). Values for

G(CC14) are higher, while those for G(CZH2Clq), G(CZHC15), and G(CZC16] are a?1

Iolver. This indicates

G(CzClq) is constant.

Reactions 8, 9, and 10

that no systematic bias is introduced by assuming th~~

The changes are also consistent with occurrence of

which lower the observed ~alues for G(-CHC13).

-9-
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An !’independentaction” model, pre~’iotislydeveloped(z) tO Calculate dose rate

effects for prOduc~ yields in chlOrofOrm, has been applied tO the data from nuclear

tests. In the model, a spur mechanism independent of dose rate is assumed to

occur simultaneously withJ but independently of, a dose-rate-dependent

mechanism involving homogeneously distributed free radicals. Values for the

100-eV yields from the spur mechanism have been determined using Brz to sc~.enge

the homogeneousIy distributed radicals
(6) and NH3 or n-CbH30H to scavenge positive

i0ns(i2). The products and their 100-eV yields in the spur mechanism
(6-12) are:

czHzcl It,c.34; C2HC15S 0.18; CZC16, 0.02; and Cclq, 0.90. The 1OO-CV VieIds Of

CHCIZ and Cl radicals in the homoge],eousmechanism.,designated hy G (CI!C1:)‘ and

G(C1)‘ respectively, can then be calculated by subtracting the spur yields from

the measured prcduct yieIds. Tb.efollowing ec;lationsapply.

G(C1)’ = ZG(C2C16) - 2G(GzC16)spur + G(CZ11C15)- G(C2HCi5)spur +

2[G(CC14) - G(CCl+)spur] - G(CH2C1Z)

G(CHC:2)’ = 2G(C2HZC14) - 2G(C2H2C14)spur

G(C2HCls)sp”r + G(CH2C1Z)

.ktdose rates of approximately 6.4 x 102& eV/g-sec and belc~~,G(CHC1 2)’ is ‘. i ‘: :

G(C1)l is 3.3 radicals1100-eV(3). From the average of the 100-eV yields fOr :~:’

nuclear tests, the calculated values are 3.2 and 2.8,’respectively.
fie’u~cs.:..-:

in each of these values is *O.2 based on a 4 to 5% uncertainty in the dat~ :: .-
..!.

iI.

-1o-
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Reaction 9

determined

causes the values for G (CF1C12)‘ and G (Cl)‘

using other radiation sources(3). The 100-eV

can be calculated from the difference between the two

G (CHCIZ)’ values, AG(CHC12), and also from the difference of the twO G (cl)’

values, AG(Cl)‘, obtained from the different radiation sources. The value of

AG(CHC12)’ is 0.5; AG(C1)’ is 0.5. The uncertainty in each of these differences

is probably *O.3 because of the possible errors associated with the calculation

of the radical yields. Because these relative uncertainties are large, these

two values for G (9)

conclusion th”atthe

model(2). However,

probably can be considered equal, thus consistent with the

results can be interpreted with the independent action

in the calculation for G (9) for each sample the value for

AG[CHC12)‘ was consistently larger than AG(Ci)‘. This suggests that the

difference may indeed be real and indicates the possibility that in the radio-
—.

IYsis with nuclea~ explosions some process leading to Cl atoms ~r CC13 radicals

is occurring without forming CHC1,2 radicals. One possibility is the direct

excitation of CHC1s to give H atoms and CCI,3radicals. This may lead to the

formation of Hz and account for the calc~la?ed excess of H atoms i,nthe in-

organic products. With ‘“co gal,,marays, ivernerand FirestOn@‘s) have estimated

that the 100-eV yield of H atoms is C.2, but at this dose rate G ~{z) was only

0.03. The data in Tables II and III suggest that the 100-eV yield for Hz would

be 10 to 20 times larger in irradiations with nuclear explosions.

-11-
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Another possibility for the formation of excess CCl~ radicals is the

interaction of the chloroform with the neutrons from the explosion. The most

(16), to produce recoilingprobable interaction would be elastic scattering

hydrogen, carbon, or chlorine ions. The average lin~ar energy transfer (LET)

of these species is much higher than that for gamma radiation. This may

initiate alternative reactions for the precursors of the radicals‘5), anti

increase the probability of forming CC13 radicals and H atoms. Also the larger

LET increases the probability of spur reactions‘5) and could lead to larger

100-eV yields for the products from the spur mechanism. Such an effect would

probably be the largest for G (CC14)~pur because it has the largest 1~0-eV

yield of the products formed in the spurs. Any of these factors could account

for the small differences calculated for AG[Cl)‘ and AG(CHC12)‘. Another effect

of the increased spur reactions caused by the high LET res~lltingfrom the neu-

trons would be to lower the 100-eT!yield for the total amount of decompo-

sition(’). This could account for at least part of the decrease in the values

of G (-CHC13) observed in the nuclear explosions.

To determine if the high doses/pulse from the nucIear expIosion could

initiate back reactions for Cl atoms (Reactions 8 and 9) in a :Lomogeneous

mechanism, the product yields were calculated with a digital computer. Rate

constants chosen for the various reactions are listed“’in‘“T”ableIV. Values

used for G(CHCIZ)“”and G (Cl)f were 4.1 and 3;3 “radicals/100-eV, respectively.

The program perform&d ntierical integrations by a “fourth-orderRunge-Ktitta “:‘:’

technique(”) and “containeda subroutine that simulated the time depeidenc.e”of

-“12 -
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the intensity of a triangular-shaped radiation pulse of v~riable time width.

A comparison of calculated and observed results appears in Table V. The cal-

culated results varied with the dose/pulse but were nearly independent of the

time width of the pulse in the range of 10-G to 10-8 sec. The results indicate

that, at the high dose per pulse from nuclear explosions, recombination reactions

involving C1 atoms may occur. At 105 rads/pulse, the calculated 100-eV yield

for CC1* from Reaction 8 in the homogeneous mechanism is O.12, wl,ileat 10G

rads/pulse it is O.40. For these same intensities, the calculated values for

G(9) are 0.14 and 0.89, respectively, and for G(C12) they are 0.02 and 0.08,

respectively. The low values for G (C12) suggest that Reaction 10 is not very

effilciencand supports the earlier proposal that R(Cl)inorg is equal tO R(HC1)

in the results with nuclear explosion,s. At no dose/pulse was it possible to get

complete agreement for all the observed and calculated 100-eV yields. Reasons

for the large difference between the values for G(CHZC12) aye ::otimmediately

apparent. At least part of the SPQ1l observed yield of this compound may have

originated from the radiolysis at IOLJdose rates caused by the induced radio-

activity in the samples, glass ampoules, or secondary containers. At these Iow

dose rates, CIIZC12is the product having the largest 100-eV yield (G = 4.1)

since all the CHC12 radicals react with CHC13.. Considering the uncertainties

of some of the above rate constants, and of the shape and quality of the

radiationpulse (mixture of ga~a rays and neutrons), these calculations ser};e

only zo support the hypothesis that back r~actiO1ls involving the c1 atoms cap.

OCCUr in an homopene Ous mechanism in chlorofQrn irradiated with the radiatior..

Pulse from a nuclear explosion.

-13- .
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TABLE I

YIELDS IN THE RADIOLYSIS OF CHLOROFORM

ASSUMING G(-CHC1 ~) = 10.0 USING VARIOUS SOURCES OF

.!

.

.

.)

.,

RADIATION

Relative Product Yields

Radiation
Source. —

Nucle~r Test
.1

!,

c2c14
——

0.10

0.11

0.10

0.10

a

a

a

a

a

a

0.081

CC14

1.6

1.8

1.8

2.0

1.6

1.6

1.6

1.6

1.9

1.8

i).98

C2HZC14 C2HC15 C2C16

0.64

0.57

0.57

0.61

0.2

0.3

0.3

0.2

1.6

1.6

1.4

1.6

1.7

1.7

1.5

1.,6t,

Nuclear Test
2

,!

t,

1.8

1.9

1.8

1.8

0.7s

C.74

0.75

0.76

1,6

1.6

1.6

1.6

a

a

a

a,,

Nuclear Test
3

,!

1.7

1.8

0.70

0.70

1.7

1.6

a

a

Pulsed X-raysb 1.6 1.9 0.830.2

‘These values cOuld not be melsured accurately due to the I@\{ yields of these
compounds.

b
Reference 3. Average dose rate = 6. x 1024 ev/g-SeC. , T ~ 25°c.

-15-
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TABLE II

CALCULATED RELATIVE YIELDS OF H ATOMS AND Cl ATOlfS

IN ‘THE INORGANIC PRODUCTS

Radiation Source R(H)ainor& R(CI)Z;naT

Nuclear Test 1 4.6 3.7
,, 4.6 3.6
,, 4.8 3.2
,, 4.8 ,3.2

Pulsed X-raysb 4.6 4,5

.

Cobalt-tiOc 3.9 3.6

Cobalt-60d 3.8 3.3

‘Uncertainties
uncertainties

b
Reference 3.

cReference 3.

d
Reference 2.

are probably +0.3 based on the estimated
of the nleasuredyields.

Dose/pulse = 1.9 x 103 rads, T & 25”C.

Dose rate . 1.6 x 10’6 eV/g-see, T = 25°C

Dose rate = 1.5 x 10X5 eV/g-see, T = 26”C.

-16-



Radiation
Source

Nuclear Testb
1

1

1

1.

Averagee

Nuclear Testf

P-lsed X-raysh

6‘Co Y-raysJ

.,

6‘Co ‘( rays.k

TABLE III

100-eV YIELDS IN THE RADIOLYSIS OF

CHLOROFORM USING VARIOUS RADIATION SOURCES

100-eV Yields

HC1 CHZCIZ Czclq.— —

3.0C 0.3

2.7C 0.2

2.6C 0.2

2.6! 0.2

2.7 0.2

9 0.07

4.52 0.2

4.2 1.9

4.4 2.7

d

d

d

d

d

d

O.0?8

0.085

0.074

Cclq C2H2Clk CZHC15 C*C16 -CHCl~U—_

1.3 1.3

1.3 1.2

1.5 1.2

1.6. 1.3

1.4 1.3

9 1.2

0.94 1.5

0.89 0.73

0.8 0.53

1.4

1.2

:.4

1.3

1.3

1.0

1.8

1,6

0.82

‘Calculated from organic product yields.

b
Calculated assuming G(CZCl~) . 0.081, dose/pulse & 10’ - 106 rads.

cAssumed equal to G (Cl)inorg calculated from the mass balance equations.

0.5,1 8.2

0.40 7.1

0.49 8,0

0.48 8.1

0.47 7.8

0.31 e

0.85 9.6

2.0 11.6

2.8 12.1

d
}.ssumedto be 0.081.

‘The results of tests in which CH*C12 and CIC14 could not be measured accurately are not

included in this average. However, if 100-eV yields are calculated for the measLtred
products in these tests by assuming that either G(C2H2ClIt)or G (CZHCIS) equals 1.~, t!]e
results differ by O.1 I,nitor less from the averages in the Table.

.,

‘Reference 8. Calculated ass~ming G(C2C14) = 0.081.

‘NOt determined.,

h
Reference 3. Dose/pulse = 1.9 x 103 rads, T % 25”C.

‘Average value of G (Cl)inorg and G(H)inorg.

‘Ref .re~ce,,.3.,$5.. / Dose rate = 1.6 x 1016 eV/g-see, T = 25”C.

k
./~

Reference 2. Des? rate = 1.5 x 101s eV/g-see, T = 26”C.
,/. - i7-
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TABLE IV

RATE CONSTANTS USED IN THE COMPUTER

CALCULATION OF PRODUCT YIELDS

Reaction
No.

1

2

3

4

5

8

9

10

RateConstant
(M-l see-l)

1.1 x 107

1.1

5.0 x iu’

7.5 x 107

5.0 x 107

2.0 x 1010

2.0 x 1010

‘1.3 x 10’0

a.
..

Source—. —

Reference 18

Reference 2

Reference 2

Reference 2

2eference 19

a

a

a

Calculated from the modified equation

assuming the reaction to be diffusion

controlled. Reference 20.
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TABLE V

Product

CHZCIZ

CC14

CZH2C14

C2HC15

C2C16

Reaction 9b

HC1

COMPARISONS OF OBSERVEO ANO CALCULATED

100-eV YIELDS IN THE RAOIOLYSIS OF CHLOROFORM USING

A NUCLEAR EXPLOSION

100-eV Yields

Obssrved Calculateda

1 x 105 5 x 105 1 x 106
rads/pulse rads/pulse rads/pulse

0.2 0.0030 0.0007 0.0003

1.4 1.0 1’.2 1.3

1.3 1.6 1.5 1.5

1.3 >.6 1.3 1.1

0.46 0.73 0.47 0.29

0.9 0.1 0.5 G.9

2.7C 3.0 2.4 1.9

aSum of the 1OO-CV yields for the spur mechaTlismsand those calculated for the
homogeneous mechanism at various doses per pulse and a pulse width of 7 x 10-g
sec.

b
100-eV yield of the recombination of CHCIZ and Cl radicals.

calculated from mass balance equatio]ls.

-19-
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